Abstract-In this paper, the experimental results of a complete battery-less wirelessly-powered 2.45-GHz temperature sensor system with a microcontroller (µC) and an ISM-band transmitter on FR-4 is presented. As the measured results show, the energy harvesting system can provide 2.4 V to turn on the µC, temperature sensor and transmitter with only −15 dBm (32 µW) radio frequency input power and up to 0.2°C temperature resolution. The system is able to transmit 32-bit sensor data back to the base station with an extra 16 bits for cyclic redundancy check check at regular intervals. The battery-less µC can be wirelessly powered when located up to a distance of 2 m from a power transmitter supplying less than 50 mW of microwave power using a patch array.
I. INTRODUCTION

R
ECENTLY there has been growing interest in the application of sensor networks to environmental, healthcare, surveillance and structural monitoring [1] - [4] . However, such sensor networks require either a battery or a hard-wire supply to power the system. The maintenance cost to replace the batteries can be very expensive and difficult if the sensors are in hard-to-service locations such as inside the body or else have hundred of sensor nodes to service. To maintain system performance, batteries must be replaced on a regular basis, resulting in wasted battery life and battery disposal which can also be harmful to the environment.
The alternative is to use RF power to supply the energy to the sensor network without using batteries or a hard-wire supply. In such a system, a base station is supplying the power using RF energy and the transponder will receive the energy and convert it to a DC voltage to turn on the system. One example is radio frequency identification (RFID) that is commonly used for tracking and identification of packages or pets, public transportation and more [5] , [6] . The application of RFID in the biomedical field such as body sensor networks, bio-implanted sensors and wearable real-time body monitoring systems has become increasingly popular recently [7] , [8] .
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A wirelessly-powered neural sensor using a commercial 1-W RFID reader has been demonstrated to work up to a onemetre range [9] . An active wirelessly-powered sensor system that can operate with a minimum input power of 46 μW using discrete component has been presented [10] . However, a thin film battery was required for that system to operate and although the system doesn't require the replacement of the battery, the drawback is that extra circuitry is needed to step-up the voltage in order to charge the battery at its specific voltage and hence energy is lost in the process. In general, the relatively short lifetime of the battery is another undesired drawback. An improved active system with custom IC harvesting RF energy down to 1 μW has been reported but again it requires a lithium battery to operate [11] . On the other hand, for the battery-less wirelessly-powered systems, inductive coupling has been extensively studied for powering up the implanted or wearable body sensors but only for a few centimetres [12] , [13] . However, literature on building a battery-less far-field ultra power efficient wirelessly-powered sensor platform using discrete components has not been found. In this paper, a battery-less wirelessly-powered sensor system is built using off-the-shelf low-cost discrete components on FR-4 without using a custom IC. The power-efficient 2.45 GHz microwave rectifier is built using a series-connected SMS-7630 Schottky diode. The output of the rectifier is connected to a Seiko ultra low-voltage charge-pump IC to boost up the voltage to 2.4 V and the energy is stored in a capacitor. Once the capacitor is charged up, the energy is released by the Seiko IC to power a Microchip 12LF1822 microcontroller (μC), a temperature sensor and a full-feature programmable ISM-band Nordic NRF2401 low-power transceiver. Two different types of temperature sensors have been implemented to demonstrate the flexibility of the system for different loads. The 32-bit sensor data is received from the transponder to the computer at regular time intervals depending on the effective RF power received on the transponder. Finally the wirelessly-powered system is connected to a patch antenna and we measure the longest workable distance with 50 mW transmitted power from a base station using patch antenna array in an anechoic chamber.
II. SYSTEM DESIGN
The top level architecture is shown in Fig. 1 . Similar to other wirelessly-powered system, the weak RF power is received at the antenna and then the rectifier converts the RF power into system power for later use. The μC performs the timing and control tasks for the sensor and the RF transmitter. It collects the sensor data and converts it to a 10-bit number using its internal analog-to-digital converter (ADC). The RF transmitter is used sending the data back to a base station.
A. Rectifier and Antenna Designs on FR-4
The detail of designing the rectifier can be founded in our previous work [14] . The Skyworks SMS-7630 is chosen over the HMS-2850 for higher sensitivity [15] , [16] . All single, double and quad diode rectifier configurations have been simulated with this method. It has been found that single diode configuration is the most power effective for the power harvesting application due to less energy loss on components and copper traces on lossy substrate. The schematic for the single diode rectifier is shown in Fig. 2 and FR-4 is chosen as the substrate due to its low cost.
The antenna performance plays a significant role on the performance of the whole system, therefore a patch array has been designed in Microwave Office as shown in Fig. 3 . The 4 × 4 antenna has a measured gain of 12 dB compared to the gain of 5 dB of a single patch. A patch antenna is chosen because of its low cost and high gain. The inset feed is used to minimize the overall size. The patch array is attached to a signal generator making it a power transmitter and a single patch is connected to the transponder as a power receiving antenna. The thickness and dielectric constant is 1.6 mm and 4.2, respectively.
B. Seiko Charge-Pump
The function of the charge-pump IC is to step up the input voltage from 0.3 V to output voltage of 2.4 V so that it can turn on the μC, temperature sensor and the transmitter [17] . This IC enhances the system power sensitivity significantly from −2 dBm to −15 dBm as shown in our previous work [14] .
C. μC and Temperature
Due to power constraint for the wirelessly-powered platform, a Microchip PIC12LF1822 is chosen over the PIC12F683 for its improved ultra low active and standby power consumptions [18] . It has been shown that the active power has been reduced by more than 2 times and the required supply voltage has been reduced from 2 V to 1.8 V. Two different Maxim temperature sensors have been chosen for this platform to study the effect on system performance for different loads. One is a low current (15 μA) and low accuracy (±2°C) Maxim MAX6607 and the other one is a high current (140 μA) and high accuracy (±0.5°C) DS600 [19] . Once the Seiko charge-pump IC charges up the storage capacitor, it will turn on μC and the temperature sensor. The charge-pump IC will charge up the storage capacitor again and release the energy to the μC when it reaches 2.4 V and so the length of idle time between operations is determined by the amount of input power to the charge-pump IC to charge up the storage capacitor. It is experimentally found that in the case of the higher power consumption temperature sensor DS600, a 67 μF capacitor is required to provide all the energy needed for the μC, temperature sensors and transmitter. However, for a lower power temperature sensor MAX6607, a 44 μF capacitor is only required and so the capacitor recharge time is reduced. In order to optimize the temperature resolution, the internal voltage reference from 12LF1822 is utilized.
D. Transmission Link Between Transponder and Base Station
In order to set up the reliable transmission link between the transponder and the base station, a robust and reliable transceiver pair is needed. Since the communication is done in the ISM band, it means that there is a chance of collision between the system's signals and WiFi signals. Therefore, sending simple pulses to a base station can result in a very low power, but this is not a practical solution. The Nordic nRF2401A transceiver modules have been chosen due to its low pin count, low power consumption and CRC error check [20] . The chance of collision has been minimized using the ShockBurst™ technology and the detail can be found in the datasheet. The μC has been programmed to interact with this transceiver. When the μC is on, it will sample the temperature sensor analog signal and convert it into a 10-bit number using its internal analog-to-digital converter (ADC). Then the μC will set up the transceiver for transmission such as carrier frequency, data rate, address and data packet. Once the configuration for the transmitter is done, the μC will serially shift the data to the transmitter and the transmitter will compute the 16-bit CRC checksum for data integrity and packet the data automatically for transmission at 2.52 GHz.
Since the minimum packet size for data packet is 32 bits, two identical 10-bit numbers are sent for each transmission.
At the other end of the communication link, the same Nordic nRF2401A transceiver module is used but it is configured as a receiver. The data from the nRF2401A is sampled using the Saleae logic analyzer that is connected to a laptop through the USB port [21] . 
III. EXPERIMENTAL RESULTS
A. Time Interval for Received Samples
Once the transponder has received enough energy to charge up the storage capacitor to 2.4 V, it will turn on the μC to sense the analog signal from the temperature sensor. And then the signal is converted in a 10-bit number. Finally, it will be shifted into the transmitter serially for transmission.
The measured required minimum input power levels for the single diode rectifier with SMS-7630 rectifier is −15 dBm which compares well with the results reported [22] , [23] . This means that the voltage sensitivity is about 40 mV for a 50 system and only 32 μW is required to turn on the whole wirelessly-powered system.
For the system using low power temperature sensor (MAX6607), two 22 μF capacitors (total 44 μF) are used as power storage device for the charge-pump IC. On the other hand, for the high power temperature sensor (DS600), three 22 μF capacitors (total 67 μF) are used to deliver more power to the load at the expense of charging time. The minimum time intervals between samples received at the base station are recorded, summarized in Table 1 and plotted in Fig. 4 . As shown in Fig. 4 , at an input power level of −4 dBm, the charge time for both capacitors are reasonably fast although the difference in sample interval is about 47%. At an input power level of −10 dBm, the sample interval is 6.4s and 10s for 44 μF and 67 μF storage capacitors respectively. This means it takes approximately 56% longer to charge up the larger capacitor to drive a bigger load. At an input power level of −15 dBm, the charge time is increased dramatically to 135s for a 67 μF storage capacitor which is almost 2 times longer than for the 44 μF counterpart.
Note that Table 1 shows the minimum time interval between samples received, but there is a chance that the packet is corrupted by signals from the environment such as WiFi signals or background noise. In practice, the interval between samples can be longer than shown in the table due to packet corruption. For power levels above −13 dBm, the system performance is still acceptable even though some sequential packets are missing, as the interval is reasonably short. But for the power level below −13 dBm, the interval is too long when a few sequential packets are missing.
B. Power Efficiency
The efficiencies for the overall system at different power levels with a load resistance of 180 are measured and the results are summarized in Table 2 
The power efficiencies of different sections of the system based on Table 2 are plotted in Fig. 5 . The lowest operational input power level of the single diode rectifier with SMS-7630 is −15 dBm and the total system efficiency is 2.6%. The charge-pump IC efficiency is decreasing from 52% to 32% as the power level increasing except when the power level is at −15 dBm due to the fact that it is at the boundary of on and off. The rectifier efficiency is increasing as the power level increasing at decreasing rate up to maximum 27%. The system efficiency increases with decreasing rate as the power level increases beyond −9 dBm as the efficiency of the chargepump IC is decreased faster than the efficiency of rectifier increased. The total system efficiency reaches 9.2% when the input power is −9 dBm. 
C. Temperature Sensors Performance
The comparison of our work to other monolithic temperature sensor is shown in Table 3 [24], [25] . Due to the high threshold voltage of 0.25 μm CMOS technology, the power sensitivity of the monolithic solutions is only up to −12.5 dBm. However, the RF sensitivity of our power harvester is −15 dBm and it is the best in Table 3 due to the combination of a highly efficient Schottky diode and an ultra-low input voltage Seiko charge-pump IC. The 900 MHz and 450 MHz monolithic solution provides better power consumption due to integration of the sensor and logic and lower transmission frequency. The major current consumption of this system is due to the Nordic transceiver. Although the peak current consumption is 13 mA according to the datasheet, it only happens at very short period of time according to the ShockBurst™ technology. Therefore, the measured total system current consumption during active is only 1.38 mA with the DS600 and μC running at 500 kHz. However, the current consumption can be reduced by 13% by using latest Nordic transceiver or by 19% using lower transmission power [20] . Also extra power can be saved by using lower system clock of the μC, but the leakage current of the capacitor may offset the power saving due to a longer operation time. Note that extra power has been consumed to compute the 16-bit CRC checksum for data integrity and a total of 56 bits are sent for each packet for each 32-bit data. Lowering the RF frequency can lead to a longer operation range according to Friis free space equation. However, the size of a 450 MHz or 900 MHz antenna is much bigger than a 2.45 GHz counterpart.
Although the temperature error for a factory-calibrated temperature sensor DS600 is ±0.5°C [19] , there are quantization errors from the 10-bit ADC and a maximum 7% internal temperature reference error from the μC that will degrade the resolution of the temperature reading, so the expected worse case resolution which can be achieved is ±0.7°C. In case of a lower power MAX6607, the expected worse case maximum resolution will be ±2.1°C within the +20°C to +50°C temperature range due to larger sensor error according to the data sheet. As shown in Fig. 6 , the 10-bit quantized sensor voltages are measured along the temperature for both systems. The internal constant 2.048 V voltage reference inside the μC is utilized to increase the sensor resolution and minimize the effect of supply voltage variation. The measured results show that the DS600 and MAX6607 has the linearity of R 2 = 0.9997 and 0.9999, respectively. The resolution of the DS600 and MAX6607 is 0.3°C and 0.2°C, respectively from −10°C to 80°C. The reason why the lower cost MAX6607 has better performance than DS600 is because it has wider voltage variation along temperature change and its linearity is better than the worse case in the datasheet [19] . The DS600 may have less absolute temperature offset due to the factory calibration, but this is not important for in this case because the calibration can be done in the laboratory and it can be compensated in the program inside the μC [26] . The temperature resolution cannot be lower than 0.2°C due to the limitation of the 10-bit quantizer in the μC.
Lastly, the single diode rectifier with an SMS-7630 is incorporated to make a full rectenna system using a 12 dB gain 4 × 4 patch antenna array attached to a Rhode & Schwarz signal generator with a 5 dB gain single patch antenna attached to the transponder as shown in Fig. 7 . With an RF power amplifier attached to the signal generator, it can radiate a total of 16.6 dBm (0.046 W) after power losses in the cabling to the anechoic chamber. The RF receiver is attached to a logic analyzer for sample recording and the setup is shown in Fig. 8 .
The longest measured operational distance is 2 metres. The measured power loss between the antenna pair including the connectors is about 30 dB with the maximum distance. Therefore the received input RF power to the harvester is approximately −14 dBm. Additional power loss may be due to polarization and beam pattern mismatch between the two antennas. Based on these measurements, according to Friis transmission equation stated earlier, 1 W of transmitted power can easily power the harvester over a few metres
IV. CONCLUSION
The design of an ultra low-power 2.45 GHz wirelesslypower μC temperature sensor platform with 0.2°C temperature resolution using discrete components on conventional FR-4 is presented. With the charge-pump IC attached, the single diode design can drive the μC from as low as −15 dBm (32 μW) input power and the wirelessly-powered sensor system is workable over a 2-metre range with under 0.05 W transmitted power from a base station. It has been shown that the wirelessly-powered system can be adapted to different sensor power requirement by just simply changing the storage capacitor to an appropriate size. The lower cost temperature sensor can outperform higher cost sensor when the compensation is done in software. This demonstrates that a very low-cost and ultra low-power battery-less μC sensor platform can be implemented without the need for custom IC technology.
